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ABSTRACT

Neural stem cell transplantation may have the potential to yield repair and recovery of function in
central nervous system injury and disease, including spinal cord injury (SCI). Multiple pathological
processes are initiated at the epicenter of a traumatic spinal cord injury; these are generally thought
tomake the epicenter a particularly hostilemicroenvironment. Conversely, the injury epicenter is an
appealing potential site of therapeutic human central nervous system-derived neural stem cell
(hCNS-SCns) transplantation because of both its surgical accessibility and the avoidance of spared
spinal cord tissue. In this study, we compared hCNS-SCns transplantation into the SCI epicenter (EPI)
versus intact rostral/caudal (R/C) parenchyma in contusion-injured athymic nude rats, and assessed
the cell survival, differentiation, and migration. Regardless of transplantation site, hCNS-SCns sur-
vived and proliferated; however, the total number of hCNS-SCns quantified in the R/C transplant
animals was twice that in the EPI animals, demonstrating increased overall engraftment. Migration
and fate profile were unaffected by transplantation site. However, although transplantation site did
not alter the proportion of human astrocytes, EPI transplantation shifted the localization of these cells
and exhibited a correlationwith calcitonin gene-related peptide fiber sprouting. Critically, no changes in
mechanical allodynia or thermal hyperalgesia were observed. Taken together, these data suggest that
the intact parenchyma may be a more favorable transplantation site than the injury epicenter in the
subacute period post-SCI. STEM CELLS TRANSLATIONAL MEDICINE 2013;2:204–216

INTRODUCTION

Human central nervous system-derived stem
cells (hCNS-SCns) are one potential therapeutic
cell population that has been tested for efficacy
in several animal models of neurological disease
and injury, including infantile neuronal ceroid li-
pofuscinosis (Batten’s disease), Pelizaeus-Merz-
bacher disease, and traumatic spinal cord injury
(SCI) [1–5]. hCNS-SCns are prospectively derived
from16–20-week-gestation fetalbrain incombina-
tion with fluorescence-activated cell sorting for
CD133� and CD24�/lo cell surfacemarkers [6].

Traumatic SCI results in partial or complete
paralysis along with sensory loss below the level
of injury. SCI pathology is characterized by loss of
neurons and oligodendrocytes, axonal injury,
and demyelination and dysmyelination of spared
axons. We have previously shown that transplan-
tation of hCNS-SCns into the intact parenchyma
rostral and caudal to the SCI epicenter, either sub-
acutely [2, 3]or in theearly chronic stagepostinjury
[1], improved locomotor recovery after SCI. In that
paradigm, hCNS-SCns showed robust engraftment
and differentiation into all three neural lineages,

with a majority of cells exhibiting an oligodendro-
cyte fate 16 weeks post-transplant (wpt) [1–3].
hCNS-SCns also exhibited remyelination of host ax-
ons and synapse formation with host neuronal cir-
cuitry; however, no evidence of host regeneration
or othermodulationof thehostmicroenvironment
was detected [2, 3]. We have also demonstrated
that selective ablation of hCNS-SCns-derived cells
from NOD-scid mouse spinal cord using diphtheria
toxin resulted in a loss of locomotor improvement,
suggesting hCNS-SCns integration/host cell re-
placement as amechanism for recovery [2].

Critically, after SCI, humans and rats form a
fluid-filled cystic cavity, whereas mice form a fi-
brotic matrix at the injury epicenter. In either
case, a glial scar develops around the epicenter,
restoring blood-brain barrier integrity and re-
stricting inflammatory cell infiltration [7–9] but
generating a physical and molecular barrier to
regeneration [10, 11]. Multiple pathological pro-
cesses are initiated at the SCI epicenter, and
these are often thought to make this site a par-
ticularly hostile microenvironment for cell
transplantation [12–14]. Conversely, the injury
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epicenter is an appealing potential site of therapeutic cell trans-
plantation because it is surgical accessible and injections into the
epicenter avoid spared spinal cord tissue.

Accordingly, fibroblasts, Schwann cells, olfactory ensheath-
ing glia, mesenchymal cells, embryonic stem cell-derived neuro-
nal and oligodendroglial progenitors, and neural stem cells have
all been transplanted into this region for experimental evalua-
tion [13, 15–24]; however, few publications have directly com-
pared epicenter and parenchymal transplantation. Additionally,
studies testing multipotent neural stem cell (NSC) transplanta-
tion into the SCI epicenter have been performed in either immu-
nocompetent or immunosuppressed SCI models [16, 20, 22, 24].
Critically, the use of immunocompetent models, especially for
discordant xenografts, is problematic because these models do
not support reliable donor cell engraftment, negatively affecting
their predictive validity [25]. Furthermore, several of these stud-
ies usedmultilevel laminectomies (which can significantly desta-
bilize the spinal column), immortalized cells, or concomitant lo-
cal trophic factor administration, and only one has directly
compared epicenter versus rostral/caudal transplantation with
rodentNSCs [22]. In the latter study, no immunosuppressionwas
administered, and the data for animals receiving parenchymal
versus epicenter transplantation were not reported separately.
Although transplanted cells in these studies did exhibit at least
short term engraftment, cell fate was predominantly astroglial,
with few engrafted cells exhibiting neural or oligodendrocytic
lineage-specific differentiation markers [20, 22, 24]. Critically,
predominant astroglial cell fate after transplantation of rodent
NSCs has been shown to correlate with allodynia, a chronic pain
syndrome frequently suffered by individuals with SCI [23, 24, 26,
27]. If the site of transplantation directs astroglial fate, or in-
duces allodynia, this would have significant influence on the de-
sign of future clinical trials.

T cells have been shown to contribute to development of
neuropathic pain, but they are also the major player in acute
rejection of transplanted cells and organs [25, 28]. Stable alloge-
neic or xenogeneic transplantation of stem cells requires either
suppression of T cells via administration of pharmacological im-
munosuppressants (e.g., cyclosporine), or the use of constitu-
tively immunodeficient animal models such as the athymic nude
(ATN) rat or NOD-scid mouse [25, 28]. Critically, although ATN
rats lack mature T cells, previous studies have shown that these
animals can be used as a neurological pain syndromemodel [29].

Accordingly, we investigated the effect of transplantation
site on hCNS-SCns survival, engraftment, migration and fate, le-
sion and spared tissue volume, and development of anatomical
or behavioral evidence of allodynia/hyperalgesia. Together, the
data suggest that transplantation into the intact parenchyma
rostral/caudal to the injury epicenter may be a more favorable
transplantation site than the injury epicenter in the subacute
period post-SCI.

MATERIALS AND METHODS

Animal Welfare
This study was carried out in accordance with the Institutional
Animal Care and Use Committee at the University of California,
Irvine, and in consistency with U.S. federal guidelines.

Contusion Injuries
Adult female 10–11-week-old, 180–200-g ATN rats (National
Cancer Institute, Frederick, MD, http://frederick.cancer.gov)
were anesthetized with 2.5% isoflurane and maintained under
3% isoflurane (VetEquip Inc., Pleasanton, CA, http://www.
vetequip.com) during the surgery. Spinal cords at thoracic 9 (T9)
vertebral level were exposed by laminectomy using a surgical
microscope and stabilized in a spinal stereotaxic frame by clamp-
ing at the T8 and T10 lateral vertebral processes, and bilateral
200-kDa contusion injuries were administrated using an Infinite
Horizon Impactor (Precision Systems and Instrumentation, Lex-
ington, KY, http://www.presysin.com). Following the injury, the
exposed spinal cords were covered with gelfoam (Pfizer, New
York, NY, http://www.pfizer.com), muscles were reattached
with 5-0 chromic gut sutures (Surgical Specialties Co., Reading,
PA, http://www.heidolphna.com), and the skin was closed using
wound clips (CellPoint Scientific Inc., Gaithersburg, MD, http://
www.cellpointscientific.com). For postoperative care, the ani-
mals received subcutaneous injections of 0.01 mg/kg bu-
prenorphine (Hospira Inc., Lake Forest, IL, http://www.
hospira.com) twice a day for 2 days, 50 ml/kg lactated Ringer’s
solution (B. Braun Medical Inc., Irvine, CA, http://www.
bbraunusa.com) once daily for 4 days, and bladder expression
twice daily for 1 month postinjury and then once daily until the
end of study. All the animals were maintained on oral antibiotics
by rotating 800 �g/ml sulfamethoxalone-trimethoprim (Hi-Tech
Pharmacal, Amityville, NY, http://www.hitechpharm.com), 200
�g/ml ampicillin (STADA Pharmaceuticals, Cranbury, NJ, http://
www.stada.de/english), and 100 �g/ml ciprofloxacin hydrochlo-
ride (Dr. Reddy’s Laboratories, Bachepalli, India, http://www.
drreddys.com) in drinkingwater every thirdweek until endof the
study.

hCNS-SCns Transplantation
hCNS-SCns (StemCells Inc., Palo Alto, CA, http://www.
stemcellsinc.com) were cultured as neurospheres in supple-
mented X-Vivo 15 medium (Lonza, Basel, Switzerland,
http://www.lonza.com) as previously described [6]. Prior to
transplantation, neurospheres at passage number 12 or less
were dissociated into individual cells and adjusted into cell den-
sity of 50,000 cells per microliter in X-Vivo 15 medium (Lonza).
Rats were reanesthetized 9 days postinjury (dpi), the laminec-
tomy sites were re-exposed, and the cords were stabilized in a
spinal stereotaxic frame. For hCNS-SCns transplantation rostral/
caudal (R/C) location to the injury epicenter, a total volume of 4
�l (1�l per injection site) of cell suspension or vehicle (X-Vivo 15
medium) was injected in two rostral bilateral injections through
the intervertebral cartilage space at T7/T8 and another two cau-
dal injections through the intervertebral cartilage space at T10/
T11 using polished 30° beveled glass pipettes (inner diameter
[i.d.]� 75–80�m, outer diameter [o.d.]� 100–115�m) (Sutter
Instrument, Novato, CA, http://www.sutter.com), a NanoInjec-
tor 2000 system (World Precision Instruments, Waltham, MA,
http://www.wpiinc.com), and a micropositioner (World Preci-
sion Instruments) under microscopic guidance. For hCNS-SCns
transplantation in spinal cord injury epicenter (EPI), a total vol-
umeof 4�l of cell suspensionor vehiclewas injecteddirectly into
the bruised spinal cord tissue at T9 using a NanoFil syringe with a
33-gauge Flexifil tip (200 �m o.d., 100 �m i.d.) (World Precision
Instruments) over 5minutes, followed by an additional 5-minute
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delay before removing the needle to prevent backflow. After
transplantation, the postoperative procedures were performed
as described above.

Randomization, Exclusion Criteria, and Group Numbers
Randomization, exclusion criteria, and blinding for assessments
were conducted as described previously [1–3]. Prior to trans-
plantation, rats were randomized across cohorts, and equivalent
behavioral baselines confirmed for each cohort using open-field
Basso, Beattie, and Bresnahan (BBB) locomotor scores 7 dpi. An-
imals with unilateral bruising or abnormal force/displacement
curves after contusion injury, or in which a vertebral T9 laminec-
tomy could not be confirmed at the time of cell transplantation,
were excluded from sensory behavioral and stereological assess-
ments. All cohorts were conducted in parallel; that is, animals
received spinal cord injuries at the sameage and during the same
week of surgery. All animal care, behavioral assessments, and
histological processing/analysis were performed by observers
blinded to experimental cohort. hCNS-SCns engraftment was
confirmed in all animals, and a subset of spinal cords from ani-
mals in all cohorts was randomly selected for stereological anal-
ysis. SC121 immunostaining revealed that two of nine rats se-
lected from the R/C hCNS-SCns cohort showed very poor or no
engraftment; these rats were excluded from further sensory be-
havioral and stereological analysis and from statistical analysis
other than reporting of the percentage of engrafted animals.
Final cohort numbers (n) for sensory assessment were therefore
as follows: hCNS-SCns R/C, n � 10; vehicle R/C, n � 12; hCNS-
SCns EPI, n � 12; vehicle EPI, n � 12. Final cohort numbers for
histology/stereology were therefore as follows: hCNS-SCns R/C,
n � 7; vehicle R/C, n � 8; hCNS-SCns EPI, n � 7; vehicle EPI, n �
8 (supplemental online Table 1).

Sensory Behavior Assessments
Formechanical allodynia assessment using von Frey testing [30],
rats were placed in a clear acrylic chamber on an elevated wire
mesh grid.Withdrawal response of all four pawswas assessed by
applying 1.4 gram low force and 6.0 gram high force Touch-Test
Sensory Evaluator filaments (North Coast Medical, Gilroy, CA,
https://www.ncmedical.com) prior to injury (baseline) and at 2,
7, 11, and 14 wpt. Filaments were administered to the plantar
surface of each paw 10 times, 2 minutes apart, and the number
of withdrawals was recorded.

For thermal hyperalgesia assessment using Hargreaves test-
ing [30–32], rats were placed in an elevated Plexiglas chamber
on top of a temperature-controlled glass plate heated to 30°C. A
withdrawal response of all four paws was assessed using a radi-
ant thermal stimulus of the paw analgesia meter set at an active
intensity of 35 (arbitrary units) applied to the plantar surface
through the glass plate (IITC Life Sciences, Inc, Woodland Hills,
CA, http://www.iitcinc.com) prior to injury (baseline) and at 2, 7,
11, and 14 wpt. Thermal stimulus was administered to plantar
surface of each paw three times, 3 minutes apart, and the reac-
tion times were recorded and then averaged.

For both von Frey and Hargreaves, animals were acclima-
tized to the testing chambers for 1 h prior to testing.

Perfusion and Tissue Collection
At 14 wpt, rats were injected with a lethal dose of Euthasol (Vir-
bac AH, Fort Worth, TX, http://www.virbacvet.com) and tran-
scardially perfused with phosphate buffered saline followed by

4% paraformaldehyde (PFA) (Fisher Scientific, Fairlawn, NJ,
http://www.fishersci.com). Spinal cord T6–T12 vertebral re-
gions were dissected based on dorsal spinal root counts, post-
fixed overnight in 4% PFA supplemented with 20% sucrose, flash
frozen at �65°C in isopentane (Fisher Scientific), and stored for
sectioning at �80°C.

Tissue Sectioning and Immunohistochemistry
For 3,3�-diaminobenzidine (DAB) peroxidase immunohisto-
chemistry, whole T6–T12 spinal cord segments were cut into
30-�m-thick coronal sections using a cryostat (ThermoScientific,
Barrington, IL, http://www.thermoscientific.com) and trans-
ferred onto slides using a CryoJane tape transfer system (Leica
Microsystems Inc., Buffalo Grove, IL, http://www.leica-
microsystems.com). Tissue sections on slides in a sequence of
1/24 underwent antigen retrieval in R-buffer A (ElectronMicros-
copy Sciences, Hatfield, PA, http://www.emsdiasum.com/
microscopy) using a 2100 Retriever (PickCell Laboratories, Am-
sterdam, The Netherlands, http://www.amsterdambiomed.nl),
treated with a solution of Tris (0.1 M Tris, pH 7.4), 3% hydrogen
peroxide (Fisher Scientific), and 10%methanol (Fisher Scientific)
for 20 minutes to deactivate endogenous peroxide activity. Im-
munocytochemistry was conducted as previously described [3].
For fluorescence-conjugated immunohistochemistry, whole T6–
T12 spinal cord segments were embedded, and cut into 30-�m-
thick coronal sections using a HM 450 MicroM microtome
(ThermoScientific). Sections in a sequence of 1/24 were per-
meabilized, exposed to primary antibodies followed by expo-
sure to DyLight fluorescence-conjugated affinipure F(ab�)2
fragment secondary antibodies (Jackson Immunoresearch Labo-
ratories, West Grove, PA, http://www.jacksonimmuno.com) be-
fore mounting onto slides. Hoechst 33342 (Invitrogen, Grand Is-
land, NY, http://www.invitrogen.com) was used for nuclear
labeling. A z-stack of optical sections was acquired using an Apo-
Tome system on a Zeiss AxioImager M2 microscope (Carl Zeiss,
Maple Grove, MN, http://www.zeiss.com).

The primary antibodies used were directed against human
cytoplasm SC121 (STEM121; Stem Cell Science, Cambridge, U.K.,
http://www.stemcellsciences.com), human glial fibrillary acidic
protein SC123 (STEM123; Stem Cell Science), pan-glial fibrillary
acidic protein (GFAP) (BD Pharmingen, San Diego, CA, http://
www.bdbiosciences.com), doublecortin (DCX; Santa Cruz Bio-
technology Inc., Santa Cruz, CA, http://www.scbt.com), �-tubu-
lin III (Covance, San Diego, CA, http://www.covance.com), Olig2
(R&D Systems Inc., Minneapolis, MN, http://www.rndsystems.
com), and calcitonin gene-related peptide (CGRP; Sigma-Aldrich,
St. Louis, MO, http://www.sigmaaldrich.com).

Stereological Quantification
Final numbers for analysis are as described above and listed in
supplemental online Table 1. Total numbers of SC121� human
cells and SC123� human astrocytes were determined by unbi-
ased stereology in 1/24 intervals from spinal cord sections 0.72
mm apart using systematic random sampling with an optical
fractionator probe and StereoInvestigator version 9 (Micro-
BrightField Inc., Williston, VT, http://www.mbfbioscience.com).
Optical fractionator grid size and counting frame size were em-
pirically determined to yield average cumulative error values less
than 0.1 (supplemental online Table 2). The number of SC121�/
Olig2� and SC121�/DCX� cells were analyzed in 1/48 intervals
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from spinal cord sections 1.44 mm apart using an optical frac-
tionator probe and systematic random sampling according to
stereological principles (supplemental online Table 2).

A Cavalieri probe (SI9; MicroBrightField) was used to analyze
total volumes of spinal cord, lesion, and dorsal horn CGRP fibers
in 1/24 intervals from coronal spinal cord sections 0.72mmapart
at �4 magnification (supplemental online Table 2). As a tape
transfer system was used to preserve tissue integrity, lesion vol-
ume was quantified as the area lacking any spinal cord tissue
(e.g., the lesion cavity). A spaceball probe with a 12-�m hemi-
sphere was used to analyze CGRP fiber length in dorsal horn
laminae III and IV rostral to lesion cavity in 1/24 intervals from
coronal spinal cord sections 0.72mmapart. A contourwas drawn
around laminae III and IV at�60magnification, identified by the
pattern of nuclear staining, and the fiber length was assessed at
�100 magnification (supplemental online Table 2).

Migration of SC121� or SC123� human cells was analyzed as
percentage of the cells per section relative to total number of
counted SC121� human cells. To compare cell migration be-
tween the hCNS-SCns transplantation cohorts, the distribution
of the cells was normalized with the distance from the injection
site, in the R/C cohort designated as section with highest per-
centage of the SC121� cells relative to total number of the hu-
man cells and in the EPI cohort designated as the most damaged
tissue section with largest cavity.

Statistical Analysis
All data are shown as mean � SEM; statistical analysis were
performed using Prism4 software (GraphPad Software, Inc., San
Diego, CA, http://www.graphpad.com). Von Frey and Har-
greaves scores were compared using two-way repeated-mea-
sures analysis of variance (ANOVA) combined with Bonferroni
post hoc t tests. Correlation between CGRP length or volume,
and numbers of SC123� or SC121� cells, and Hargreaves or von
Frey measures were assessed using Pearson correlation coeffi-
cient. Comparisons between cohorts were analyzed using either
one-way ANOVA combined with Tukey’s post hoc t test or Stu-
dent’s two-tailed t test. A p value �.05 was considered to be
statistically significant.

RESULTS

hCNS-SCns Exhibited Greater Survival and Migration in
R/C Versus EPI Transplant Animals
To assess effect of transplantation site on hCNS-SCns survival at
14 wpt, we conducted immunohistochemistry for the human-
specific cytoplasmic marker SC121. Vehicle-treated animals ex-
hibited no positive staining for SC121 (Fig. 1A, 1B). Cohort num-
bers for analysiswere as described inMaterials andMethods and
in supplemental online Table 1. Animals exhibiting either caudal-
only engraftment (presumed to be injection failure) or no detect-
able human cells were excluded from further analysis (as de-
scribed inMaterials andMethods and indicated in red in Fig. 1C).
Based on these exclusion criteria, spinal cords analyzed from
both transplantation cohorts showed good engraftment: 88.9%
of R/C hCNS-SCns animals and 100% of EPI hCNS-SCns animals
exhibited extensive numbers of SC121� cells at 14 wpt. No ani-
mals in either cohort exhibited any evidence of mass formation
or abnormal morphology by human cells that would suggest tu-
morigenesis.

Stereological quantification revealed that the total average
estimated number of SC121� human cells was 1,114,000 �
94,780 (557 � 47% of the initial transplant dose) in the R/C
hCNS-SCns cohort and 498,100 � 70,140 (249 � 35% of the
initial transplant dose) in the EPI hCNS-SCns cohort (Fig. 1C).
These values reflect a significant increase in engrafted cells in the
R/C in comparisonwith the EPI transplant cohort (Student’s two-
tailed t test; ���, p � .0002), demonstrating that R/C transplan-
tation of hCNS-SCns at 9 dpi increased cell engraftment as a
result of altered survival and/or proliferation.

In addition to these differences in engraftment, significant
differences in hCNS-SCns localization were also observed be-
tween the R/C and EPI transplanted animals. For this assess-
ment, sections were aligned by location relative to the injury
epicenter, designated as the most damaged tissue section with
largest scar. In the R/C cohort, the majority of hCNS-SCns were
localized inwhitematter in the distal spinal cord and rarely found
near the injury epicenter (Figs. 1D, 2A; supplemental online
Movie 1). In contrast, hCNS-SCns in the EPI cohort were most
frequently located in spared tissue adjacent to the injury epicen-
ter. The percentage of SC121� human cells per section was sig-
nificantly greater in the distal parenchyma in R/C comparedwith
EPI transplant animals, and the EPI hCNS-SCns cohort showed a
significantly higher proportion of human cells near the injury
epicenter (Fig. 1D, Student’s two-tailed t test; �, p� .05; ��, p�
.007). Regardless of transplantation site, hCNS-SCns were rarely
found in the cystic cavity at 14 wpt (Figs. 1D, 2A; supplemental
online Movie 2).

At first glance, the cell distribution in Figure 1D suggests that
the EPI transplant site may limit hCNS-SCns migration capacity.
However, it is also possible that these apparent differences re-
flect the initial transplantation site, in which case both EPI and
R/C hCNS-SCns cohorts would be predicted to show equivalent
migration distance. Accordingly, the farthest point of human
cell migration relative to the injury epicenter was analyzed to
determine the migration range. The R/C hCNS-SCns cohort ex-
hibited amigration range of 14.4mm rostral and 14.4mmcaudal
from the injury epicenter, with a total spread of 28.8 mm (Figs.
1D, 2A). The EPI hCNS-SCns cohort exhibited amigration range of
11.5mm rostral and 14.4mm caudal from the injury, with a total
spread of 25.9 mm (Figs. 1D, 2A). We further investigated the
effect of transplantation site on hCNS-SCnsmigration by normal-
izing the number of human cells quantified in the EPI and R/C
transplant cohorts relative to the location of the initial injection
site. This analysis revealed no significant differences between the
cohorts (Fig. 1E, Student’s two-tailed t test, p � .05). Taken to-
gether, these data suggest that transplantation site does not affect
hCNS-SCnsmigration capacity in the subacute SCI environment.

We have not previously observed changes in lesion or spared
tissue volume in immunodeficient mice after hCNS-SCns trans-
plantation in intact rostral and caudal parenchyma at the sub-
acute or early chronic stages of spinal cord injury [3, 33]. To
determine whether hCNS-SCns transplantation site altered le-
sion or spared tissue volume in the present study, tissue sections
were analyzed using unbiased stereology. No significant differ-
ences in spared tissue or lesion volumewere found between any
of the cell or vehicle control cohorts (Fig. 2B, 2C; one-way
ANOVA, p � .05), suggesting that the transplantation site with
this hCNS-SCns dose and at this stage of injury did not affect
lesion or spared tissue volume.
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Transplantation Site Did Not Affect hCNS-SCns Cell Fate
in the ATN Rat SCI Model
We have previously reported that in immunodeficient mice, the
majority of multipotent hCNS-SCns differentiate into oligoden-
drocyte lineage cells after transplantation into the intact spinal
cord parenchyma either subacutely 9 days or at early chronic
stage 30 days post-contusion injury [1–3]. In contrast, transplan-
tation of rodent neural stem cells after contusion SCI in immuno-
suppressed or immunocompetent rats has in some cases been
reported to result in astrogliogenesis or retention of undifferen-
tiated cells [22, 24]. To study the effect of transplantation site on
neural stem cell differentiation in immunodeficient ATN rats, we
quantified the percentages of human cells positive for the oligo-
dendroglial lineage marker nuclear Olig2, the immature neuro-
nal marker DCX, or the human-specific astrocyte marker SC123
(human GFAP).

Quantification revealed that the average proportion of
SC121�/Olig2� cells (Fig. 3A) in R/C hCNS-SCns spinal cords was

52.0� 3.2% and in EPI hCNS-SCns spinal cords was 44.3� 4.9%;
no significant difference between these cohorts was found (Fig.
3B, Student’s two-tailed t test). Confocal imaging of immunohis-
tochemical staining for Olig2/SC123, or Olig2/SC121/�-tubulin
III, showed that nuclear Olig2 did not overlap with either human
origin astrocytes or neurons and was most consistent with early
oligodendrocyte lineage cells (supplemental online Figs. 1, 2).
However, as previously reported, we did find coexpression of
nuclear Olig2 and the mature oligodendrocyte marker APC/CC-1
in human cells at 14 wpt (supplemental online Fig. 3). In parallel,
quantification of human neuronal lineage cells revealed that the
proportion of SC121�/DCX� cells (Fig. 3C) in the R/C hCNS-SCns
spinal cords was 6.1 � 0.5%, and in the EPI hCNS-SCns spinal
cords was 9.0 � 1.5%; again, no significant differences between
these cohorts was found (Fig. 3D, Student’s two-tailed t test, p�
.05). A small proportion of human SC121�/DCX� cells were also
positive for the more mature neuronal marker �-tubulin III
(supplemental online Fig. 4). Finally, quantification of human

Figure 1. hCNS-SCns engraft, survive, and migrate in both transplantation sites. (A, B): Transplanted, engrafted spinal cords showed
human-specific cytoplasmic marker SC121 � cells (A), unlike the vehicle-treated cords (B) at 14 weeks post-transplant. Scale bars � 500 and
50 �m. (C): Unbiased analysis using the StereoInvestigator optical fractionator revealed that the total estimated numbers of SC121� cells
were significantly higher in R/C cohort compared with those in the Epi cohort (Student’s two-tailed t test; ���, p � .0002). Red line indicates
the initial transplantation dose; red triangles indicate the animals excluded because of bad engraftment. (D): Cell migration shown as
percentage of SC121� cells per section relative to total number of counted human cells (Student’s two-tailed t test; �, p� .05; ��, p� .007).
(E):Migration of SC121� cells normalized by distance from the injection sites (Student’s two-tailed t test; p � .05). Error bars indicate SEM.
Abbreviations: Epi, epicenter; hCNS-SCns, human central nervous system-derived neural stem cell; NS, not significant; R/C, rostral/caudal.
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astrocytic lineage cells revealed that the proportion of SC123�

cells (Fig. 4A) was 41 � 4.1% in the R/C hCNS-SCns spinal cords,
compared with 42 � 6.3% in the EPI hCNS-SCns spinal cords;
again, no statistically significant difference was observed be-
tween these cohorts (Fig. 4B, Student’s two-tailed t test, p �
.05). Taken together, these data show that 99.1% of hCNS-SCns
in the R/C cohort and 94.8% of hCNS-SCns in the EPI cohort were
positive for either nuclear Olig2, DCX, or SC123 at 14 wpt. These
data suggest that a majority of hCNS-SCns exhibited neural lin-
eage differentiation, with robust expression of oligodendroglial
markers when transplanted into immunodeficient SCI rats.
Moreover, the location of transplantation did not alter the fate
of engrafted hCNS-SCns when transplanted at 9 dpi.

Interestingly, the proportion of human astrocyte lineage
cells observed in the present study in SCI ATN rats was higher
than we have previously found after hCNS-SCns transplantation
into SCI NOD-scid mice [1–3]. Investigation of the localization of
SC123� cells revealed that in the R/C transplant cohort, human
astrocytes were found up to 14.4 mm rostral and 7.9 mm caudal
from the injury epicenter, with a total spread of 22.3mm (Fig. 4C,
4E). In the EPI transplant cohort, human astrocytes were found
up to 12.2mm rostral and 2.9mm caudal from the injury epicen-
ter, with a total spread of 15.1 mm (Fig. 4C, 4E). In the R/C trans-
plant cohort, the percentage of SC123� cells per section ex-
pressed as a proportion of the total number of human cells was

highest in the rostral parenchyma but exhibited an even distri-
bution (Fig. 4C, 4E; supplemental onlineMovies 3, 4). In contrast,
in the EPI transplant cohort the majority of SC123� human as-
trocytes were strikingly localized to the rostral parenchyma ad-
jacent to the injury epicenter designated based on identification
of the tissue section containing the largest cross-sectional lesion
area (Fig. 4C, Student’s two-tailed t test; �, p � .05; ��, p � .01;
���, p � .001). However, a majority of ATN rats exhibited large
cavities extending into the rostral spinal cord, as observed in the
three-dimensional reconstruction examples (Fig. 3E). When the
distribution of human SC123� astrocytes in both transplant co-
horts was normalized relative to the initial injection site, a
greater proportion of SC123� cells in the EPI cohort was found
further away from the injection site compared with those in the
R/C cohort (Fig. 4D, Student’s two-tailed t test; �, p� .05; ��, p�
.005; ���, p � .001). These data suggest that even though the
transplantation site did not alter the overall proportion of hCNS-
SCns exhibiting astroglial differentiation, the localization of
these cells within the injured spinal cord was altered.

Effect of Transplantation Site on CGRP Fiber Sprouting
and Behavioral Measures of Allodynia/Hyperalgesia
Disruption of the sensory nerve tracks of SCI subjects can lead to
chronic pain syndromes, such as allodynia and hyperalgesia. Al-
lodynia is increased sensitivity to a stimulus that is not normally

Figure 2. Distribution of hCNS-SCns differs, but the cells do not alter lesion or spared tissue volume when transplanted either in intact
parenchyma or injury epicenter. (A): Three-dimensional reconstruction of the spinal cords transplanted at R/C and Epi sites showing location
of analyzed SC121� human cells based on StereoInvestigator optical fractionator probe quantification data analyzed from coronal sections in
1/24 sampling sequence at 14 weeks post-transplant. Shown are human cells (dots), central canal (gray lines), and injury cavity (purple). The
StereoInvestigator Cavalieri probe did not reveal changes in spared spinal cord tissue (B) or lesion volumes (C) between the cohorts (one-way
analysis of variance; p � .05). Error bars indicate SEM. Abbreviations: Epi, epicenter; hCNS-SCns, human central nervous system-derived
neural stem cell; NS, not significant; R/C, rostral/caudal.
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noxious. Hyperalgesia is increased sensitivity to a noxious stim-
ulus [27, 34]. Initiation of a chronic pain syndromeas the result of
a therapeutic intervention would be a significant adverse event.
Both transplantation site and astroglial fate could potentially al-
ter the volume and length of CGRP sensory fibers, which are
involved in transmission and modulation of pain and sensory
information [35, 36]. Accordingly, we measured CGRP sensory
fiber sprouting in dorsal horn laminae III–IV by two methods,
determination of fiber volume and length (Fig. 5A), in all four
cohorts of SCI rats: R/C vehicle, R/C hCNS-SCns, EPI vehicle, and
EPI hCNS-SCns.

Quantification of CGRP volume and fiber length revealed no
significant differences in any of the cohorts (Fig. 5B, 5C, Student’s
t test, p � .1). Furthermore, no relationship was observed be-
tween (a) CGRP fiber volume and the total number of SC121�

cells in the EPI or R/C transplant cohorts (Pearson r� 0.3, p� .5,
and r � 0.2, p � .6, respectively); (b) CGRP fiber volume and the
total number of SC123� human astrocytes in the EPI or R/C
transplant cohorts (Pearson r� �0.3, p� .5, and r� 0.5, p� .2,
respectively); or (c) CGRP fiber length and the total number of
SC121� human cells or SC123� astrocytes in the R/C transplant
cohort (Fig. 5D, 5E, Pearson r� �0.04, p� .9, and r� �0.6, p�

.1, respectively). However, in the EPI transplant cohort, a signif-
icant positive correlation was found between CGRP fiber length
and the total number of SC121�human cells (Fig. 5F, Pearson r�
0.83; �, p � .02) as well as the total number of SC123� human
astrocytes (Fig. 5G, Pearson r � 8.7; �, p � .01). These data
suggest no evidence for altered CGRP volume or sprouting in
association with R/C hCNS-SCns transplantation. However, de-
spite the lower number of total engrafted human cells, EPI hCNS-
SCns transplantation may be associated with increased CGRP fi-
ber sprouting.

To investigate whether hCNS-SCns transplantation site or
fate induced changes in behavioral measures of mechanical allo-
dynia or thermal hyperalgesia, we assessed these parameters in
all cohorts prior to injury and 2, 7, 11, and 14 wpt. No significant
two-way interaction effects were observed between hCNS-SCns
versus vehicle groups over time in the number of forepawor hind
paw withdrawals in any of the cohorts using either a low (data
not shown) or a high force filament in von Frey testing (Fig. 6A–
6D; repeated-measures two-way ANOVA, Bonferroni post hoc
test, p � .05). Similarly, no significant two-way interaction ef-
fects in forepaw or hind paw withdrawal time were found in
Hargreaves testing (Fig. 6E–6H; repeated-measures two-way

Figure 3. Human central nervous system-derived neural stem cell (hCNS-SCns) transplantation site does not affect differentiation into
oligodendroglial or neural cell lineages. Themajority of hCNS-SCns in both cohorts differentiated into SC121�/Olig2� human oligodendroglial
cells (arrowheads) at 14 weeks post-transplant (A), and no significant difference was found between the cohorts (B) (Student’s two-tailed t
test; p� .05). A small proportion of hCNS-SCns in both cohorts differentiated into SC121�/DCX� human immature neurons (arrowheads) (C),
and no significant differencewas found between the cohorts (D) (Student’s two-tailed t test; p� .05). Scale bars� 25�m. Error bars indicate
SEM. Abbreviations: DCX, doublecortin; Epi, epicenter; NS, not significant; R/C, rostral/caudal.
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ANOVA, Bonferroni post hoc t test, p � .05). In addition, no
significant correlation was found between (a) the total number
of SC121� human cells and the allodynia (statistical values are
given in supplemental online Table 3) or hyperalgesia measures

(Fig. 7A, 7B, Pearson r � �0.3, p � .4, or r � �0.5, p � .3,
respectively); (b) the total number of SC123� human cells and
the allodynia (supplemental online Table 3) or hyperalgesiamea-
sures (Fig. 7C, 7D, Pearson r � �0.5, p � .2, or r � �0.2, p � .6,

Figure 4. Transplantation site does not affect the proportion but does affect the localization of human astrocytes. Immunohistochemistry
with human-specific glial fibrillary acidic protein antibody SC123 (arrowheads) (A) revealed that the transplantation site did not affect human
central nervous system-derived neural stem cell (hCNS-SCns) differentiation into astroglial cell lineage (B). Athymic nude (ATN) rats showed
a relatively high proportion of SC123� human astrocyte lineage cells (A), but no significant difference was found between the cohorts (B);
Student’s two-tailed t test; p � .05. Scale bar � 25 �m. (C): Human astrocyte migration shown as percentage of SC123� cells per section
relative to total number of counted SC121� human cells (Student’s two-tailed t test; �, p� .05; ��, p� .01; ���, p� .001). Error bars indicate
SEM. Positional data are plotted relative to the injury epicenter (dashed vertical line), which was designated on the basis of identification of
the tissue section containing the largest cross-sectional lesion area; however, amajority of ATN rats exhibited large cavities extending into the
rostral spinal cord as observed in the three-dimensional (3D) reconstruction examples in (E). (D):Migration of SC123� astrocytes normalized
by distance from the injection (Student’s two-tailed t test; �, p � .05; ��, p � .005; ���, p � .001). (E): 3D reconstruction of the spinal cords
transplanted at R/C and Epi sites showing location of analyzed SC123� human astrocytes based on StereoInvestigator optical fractionator
probe quantification data analyzed from coronal sections in 1/24 sampling sequence at 14 weeks post-transplant. Shown are human astro-
cytes (dots), central canal (gray lines), and injury cavity (purple). Abbreviations: dpi, days postinjury; Epi, epicenter; NS, not significant; R/C,
rostral/caudal.
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respectively); (c) the CGRP fiber volume; or (d) the CGRP length
and the allodynia or hyperalgesia measures (supplemental on-
line Table 3). These data suggest that neither R/C nor EPI hCNS-
SCns transplantation induced progressive or increased sensitiv-
ity to mechanical or heat stimuli. Moreover, despite the
relationship between SC121�cells, SC123� astrocytes and CGRP
fiber length in the EPI transplant cohort (Fig. 5), we did not ob-
serve increased sensitivity for mechanical or heat stimuli (Fig. 7).

DISCUSSION

Comparison of the effect of subacute hCNS-SCns transplantation
either into the injury epicenter or into the intact parenchyma

rostral and caudal to the epicenter in an immunodeficient ATN
rat SCI model revealed that cells in both paradigms engrafted
andmigrated away from the injection sites toward parenchyma.
Critically, ATN rats in the EPI cohort did not exhibit either restric-
tion of or sustained localization of hCNS-SCns within the cavity.
Furthermore, no significant differences in migration distance
were observed between EPI and R/C transplant cohorts, suggest-
ing that cells in EPI transplanted animals migrated into adjacent
spared tissue either following chemotactic signals in the sur-
rounding spared tissue or in response to repulsive signals within
the epicenter. An alternative reason for this observation could
be that the transplantation failed to effectively target the cavity,
yielding amajority of surviving cells in the adjacent parenchyma.

Figure 5. Relationship of human cell number and astrocytic fate to CGRP fiber sprouting. (A): The transplantation site cohorts did not show
altered CGRP fiber volume or sprouting in dorsal horn laminae III–IV. Scale bars � 500 and 50 �m. (B): CGRP fiber volume and length in the
rostral/caudal (R/C) vehicle and transplant cohorts. No significant differences were found between the cohorts (Student’s t test; p � .5 and
p � .2, respectively). (C): CGRP fiber volume and length in the Epi vehicle and transplant cohorts. No significant differences were found
between the cohorts (Student’s t test; p � .9 and p � .1, respectively). Error bars indicate SEM. (D, E): In the R/C transplant cohort, Pearson
correlation coefficients revealed no correlation between the CGRP fiber length and the estimated total number of SC121� human cells or the
estimated total number of SC123� astrocytes at 14 weeks post-transplant (wpt) (Pearson r � �0.04 and �0.6, respectively, NS, two-tailed t
test); n � 7 rats. However, a significant positive correlation was found between the CGRP fiber length and the estimated total number of
SC121� human cells (F) or the estimated total number of SC123� astrocytes (G) in the Epi transplant cohort at 14 wpt (Pearson r � 0.83 and
0.87, respectively; �, p � .05, two-tailed t test); n � 7 rats. x-y scatter plots show individual data points (dots) and the connective curve with
�SEM (dashed lines). Abbreviations: CGRP, calcitonin gene-related peptide; Epi, epicenter; hCNS-SCns, human central nervous system-
derived neural stem cell; NS, not significant.

Figure 6. hCNS-SCns transplantation either in intact parenchyma or at injury epicenter at 9 days postinjury does not contribute to develop-
ment of allodynia or hyperalgesia. All analyses were conducted by repeated-measures two-way analysis of variance. Using the von Frey
allodynia test, no significant two-way interaction effects were found between the number of forepaw or hind paw withdrawals in the
rostral/caudal (R/C) (A, B) or EPI (C, D) cohorts over time (black brackets). The R/C transplant cohort did show a significant main effect for the
group (R/C vehicle vs. R/C hCNS-SCns) in the number of forepaw withdrawals (A) (p � .03); however, there were no significant effects for
forepaw R/C vehicle versus R/C hCNS-SCns at any individual time point of analysis (Bonferroni post hoc test, p� .05). Furthermore, there was
no trend for an increase in paw withdrawals over time, and no significant difference between R/C vehicle or hCNS-SCns at 14 weeks
post-transplant (wpt) (Student’s two-tailed test, p� .3) (A). Using theHargreaves hyperalgesia test, no significant two-way interaction effects
were found between forepaw or hind pawwithdrawal time in the R/C (E, F) or EPI (G, H) cohorts over time (black brackets), and no significant
differences were observed at any time point of analysis (preinjury or 2, 7, 11, or 14 wpt; Bonferroni post hoc test, p� .05). The EPI transplant
cohort did show a significant main effect for the group (EPI vehicle vs. EPI hCNS-SCns) in forepaw withdrawal time (G) (p � .003), and
withdrawal time in the EPI transplant cohort was significantly shorter at 2 and 7 wpt (Bonferroni post hoc test, p � .01; gray asterisks).
However, there was no trend for a decrease in paw withdrawal time over the course of the experiment, and no significant difference was
observed between the cohorts at 14wpt (Student’s two-tailed test, p� .5). Abbreviations: EPI, epicenter; hCNS-SCns, human central nervous
system-derived neural stem cell; NS, not significant; w, weeks.
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However, it is unlikely that all animals in the EPI cohort could
have received injections into spared tissue rather than cavity,
particularly considering the large cavity size in ATN rats, suggest-
ing that this possibility cannot account for these observations.
Cell migration away from the injection site can be considered as
either a positive or a negative outcome. Our previous studies in
NOD-scid mice suggest that both the number of engrafted
hCNS-SCns, and the migration of engrafted cells away from the
injection sites and into the spared parenchyma distal to the epi-
center correlate with behavioral improvement [1–3] (Hoosh-
mand MJ, Nguyen HX, Hong S et al., manuscript in preparation).
On the other hand, filling of the spinal cord injury epicenter with
either human fetal spinal cord tissue or glial restricted precursors
has been suggested to prevent cavity formation and expansion in
rodents [37, 38] and humans [39] and/or to form a bridge sup-
porting axon growth [15].

Overall engraftment success in ATN rats was not as high as
we have previously achieved in NOD-scid mice, which not only
lack T and B cells but also exhibit reduced numbers of natural
killer (NK) cells, granulocytes, and macrophages [25, 40]. Addi-
tionally, R/C animals exhibited amore than twofold greater num-
ber of total human cells surviving at 14 wpt in comparison with
EPI animals, suggesting altered survival or engraftment kinetics
between the R/C and EPI cohorts. Both human cell engraftment
and migration could be affected by intrinsic factors of the trans-
planted cell population, the initial cell transplant dose, or post-
SCI transplantation timing, as well as factors in the inflammatory

microenvironment either at the epicenter or in the spared pa-
renchyma. In this regard, some studies have observed retention
of transplanted cells at the injury epicenter ormigration of trans-
planted cells toward the injury epicenter [20, 22, 24] (Hoosh-
mand MJ, Nguyen HX, Hong S et al., manuscript in preparation).
However, in the present study, the intrinsic factors of the cell
population, the initial dose, and transplant timing were all held
constant, suggesting that the hCNS-SCns survival or proliferation
in the EPI cohortwas affected by themicroenvironmental factors
in the injury epicenter.

The activation of the immune system can influence human
neural stem cell engraftment and differentiation [25, 41–43]
(Hooshmand MJ, Nguyen HX, Hong S et al., manuscript in prep-
aration). Transplantation in injured or uninjured central nervous
system of immunocompetent or insufficiently immunosup-
pressed models may lead not only to poor engraftment [25, 44]
but also to bias toward an astroglial lineage or possibly retention
as undifferentiated precursors [20, 22, 24]. Whether transplan-
tation into the primary injury site versus the spared tissue paren-
chyma can also affect cell fate has not previously been reported.
In the present study, the sum of the human cells positive for the
three neural lineage specific markers examinedwas nearly 100%
at 14wpt, indicating that nearly all thehuman cells hadentered the
lineage-specific differentiation process regardless of transplanta-
tion site. Furthermore, approximately half of engrafted hCNS-SCns
in either transplant cohort differentiated toward an oligodendro-
glial lineage, as previously observed after R/C transplantation in
NOD-scid SCI mice [2, 3]. These data suggest that the 9 dpi SCI
microenvironment can remain permissive for oligodendrogen-
esis regardless of the transplant location. However, given the
potential role of transplantation timing in cell fate determination
[5, 45], it seems likely that a combination of postinjury transplant
timing, location, and inflammatorymicroenvironment, as well as
other as yet undefined local cues, contributes to defining hCNS-
SCns fate after transplantation.

Interestingly, ATN rats in the both R/C and EPI transplant
cohorts demonstrated a relatively higher proportion of human
astrocytes (	40%) compared with our previous studies in NOD-
scidmice (5%–15%) [2, 3]. In contrast to NOD-scidmice, ATN rats
exhibit increased activation of B cells, macrophages, and NK cells
[46–49]. We have recently observed that immune cell popula-
tions in the transplantation microenvironment can direct cell
fate (Hooshmand MJ, Nguyen HX, Hong S et al., manuscript in
preparation), suggesting that a parallel mechanism could play a
role in directing astroglial differentiation in the ATN rat. Al-
though transplantation site did not alter the overall proportion
of hCNS-SCns exhibiting astroglial differentiation, themajority of
SC123� human astrocytes in both cohorts were found rostral to
the injury epicenter. This was particularly striking in the EPI
transplant cohort, where human astrocytes peaked adjacent to
the rostral injury epicenter. In this analysis, positional data were
plotted relative to the injury epicenter, which was designated
based on identification of the tissue section containing the larg-
est cross-sectional lesion area. However, a majority of ATN rats
exhibited large cavities extending into the rostral spinal cord.
These data suggest that engrafted human cells may follow the
extension of cavitation in the rostral direction or that microenvi-
ronmental factors in the parenchyma rostral from the injury epi-
center promote astroglial differentiation or are highly chemot-
actic for human astrocytes and their precursors at the subacute
stage of SCI.

Figure 7. Correlation coefficients revealed no relationship between
the Hargreaves paw withdrawal time and the estimated total num-
ber of SC121� human cells in the R/C (A) or Epi (B) transplant cohort,
or the estimated total number of SC123� astrocytes in the R/C (C) or
Epi (D) transplant cohort at 14 weeks post-transplant. x-y scatter
plots show individual data points (dots) and connective curve with
�SEM (dashed lines). n� 7mice/cohort, Pearson r� �0.34,�0.49,
�0.49, and �0.2, respectively, NS, two-tailed t test. Abbreviations:
Epi, epicenter; NS, not significant; R/C, rostral/caudal.
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Predominant astrogliogenesis and alterations in sprouting of
CGRP sensory fibers have been reported to associate with the
development of neurological pain in animals receiving neural
stem cells transplants after SCI [24, 36]. However, CGRP fiber
sprouting is not always associated with behavioral measures of
nociception after SCI [50]. In our study, no changeswere found in
dorsal horn laminae III–IV CGRP volume or fiber length, or in
behavioral sensory measures of transplanted versus control an-
imals in the R/C transplant cohort. In parallel, there was no rela-
tionship between the number of engrafted human cells and any
of these parameters in the R/C cohort. In contrast, although
there was no significant overall increase in CGRP fiber volume or
sprouting between the EPI vehicle and EPI transplant groups,
there was a significant positive correlation between the total
number of engrafted human cells (including human astrocytes)
and increased CGRP length in the EPI transplant animals. These
data suggest that the higher localized density of human astro-
cytes rostral to the epicenter in the EPI transplant cohort may
modulate afferent fiber plasticity. Critically, however, despite
this finding, no changes in mechanical allodynia or thermal hy-
peralgesia measures were observed in the EPI cohort.

CONCLUSION

hCNS-SCns transplantation in either the injury epicenter or the
intact parenchyma at 9 days after moderate contusion injury did
not alter human cell engraftment or differentiation or induce
mechanical allodynia or thermal hyperalgesia at 14 wpt. Given
that the numbers of surviving human cells were significantly
greater in the R/C cohort than in the EPI cohort at 14 wpt, these
data suggest that transplantation into the intact R/C paren-

chyma may be preferable to transplantation into the epicenter
for this cell population.
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